The operation of gas turbines in regions where the atmospheric temperature may go below freezing introduces some special kinds of application problems which must be accounted for in the design if the units are to perform satisfactorily. These conditions are aggravated as the temperatures go down and gas turbines applied in Arctic regions can be severely limited in their operation if proper design precautions are not taken. The purpose of this paper is to list the various characteristics about arctic applications which are different from those in more southerly parts of the world and the design changes that must be made in order to cope with these problems. In addition, the paper outlines some characteristics of the gas turbine which are enhanced by the low temperature application and how it is possible to take advantage of these features. The subjects of Inlet Icing, Low Temperature Effects on Materials, and the Impact of Low Inlet Air Temperatures on Total Machine Capability are all discussed. In addition, the results of a number of years operating experience in arctic applications are covered and test data from a few installations is reported.
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INTRODUCTION
Strictly speaking the term, "Arctic Environment," is used to describe the region north of the Arctic Circle, which in North America passes through Alaska about 130 miles north of Fairbanks and in Canada passes through Yukon Territory about 160 miles south of Mackenzie Bay. This would include the North Slope and Prudhoe Bay area in Alaska and the northern stretches of the Mackenzie River and the Mackenzie Bay and Delta area in Canada. While many of the characteristics of these regions tend to be more severe than further south, many have been experienced at least for short-time periods at locations south of the Arctic Circle. We have learned much about gas turbine application from installations in these areas, and much of what will be discussed in this paper will have pertinence to applications in most of Canada and Alaska. First of all it is colder. Table 1 shows that ambient temperature in the winter months average 30 to 40 F colder than cities along the northern United States border. This is only part of the story, however. An average minimum temperature of -26 F means that some days during the month were colder than that, and the gas turbines are expected to run satisfactorily on those days, as well as the average days. Temperatures of 55 and 60 F below zero are not uncommon a few days each year. Under these conditions, oils act more like cement than lubricants, metals become brittle, the air becomes denser, and other changes take place that significantly affect gas turbine operation.
Another significant difference is that the air is much cleaner. This is important to the gas turbine since it is an air-breathing machine and the quality of that air can affect it in many ways. Dr. Vincent Schaefer, Director of the New York State Atmospheric Sciences Research Center classifies air as:
"Clean -less than 1000 condensation nuclei/CC Light Pollution -1000 to 5000 condensation nuclei/CC Moderate Pollution -5000 to 50,000 condensation nuclei/CC Heavy Pollution -more than 50,000 condensation nuclei/CC" His measurements and those of the Research Center indicate that clean air is typically found in Marine and Polar Regions. Continental country air tends to be lightly polluted, and suburban and urban areas range from moderate to heavily polluted as shown in Fig. 1. 1 The significantly lower number of particles per cubic meter in arctic regions is important because of the way water transforms between the gaseous, liquid, and solid phases. Ice always melts at 32 F and water is a liquid or a gas above that temperature; but water does not always freeze into ice, as the temperature is reduced below 32 F and can exist in the liquid phase at temperatures well below zero. The transformation process from water to ice requires the presence of small particles or nuclei for crystalliza1See: Dr. Vincent R. Schaefer's testimony 1,000 10,000 100,000 1,000 000 OBSERVED CONCENTRATIONS-NUMBER OF PART1CL ES /CM 3 The significance of all this to the gas turbine is that there is a greater likelihood in arctic environments of the ambient air containing supercooled liquid or vapor which will transform quickly to ice in the machine inlet where the metallic parts can serve to nucleate ice formation.
A third important difference that is peculiar to the strictly arctic or near arctic regions is the characteristics of the soil or surface of the earth in these regions. Much of Alaska and Northern Canada is covered with what is known as permafrost. This simply means there is a layer, which may be as much as 2000 ft thick, that is permanently below freezing temperature. In many cases, the water content is low, and, even if it does thaw, it is solid normal ground. However, in many instances, the water (or ice) content is high, and, if for some reason it should thaw, its load-carrying ability is drastically reduced. When summer comes to the north, the surface ice and snow melt, and the permafrost starts to melt. However, thousands of years of this cycle have resulted in a surface known as tundra, which is a covering of moss, lichens, grass, and sedge which grows in the short summer months absorbing the sun's heat and insulating the permafrost beneath. The tundra is a fragile cover with a thickness typically less than a foot. Any attempt to travel over this territory, to build roads or to install COMPRESSOR INLET TEMPERATURE equipment, must take the nature of this surface into account. For example, anything which scrapes Air temperature entering the gas turbine away the surface will permit the sun to melt the compressor has an important effect on the output surface to much greater depths in the summer, pro-capability of the gas turbine. Furthermore, it ducing ditches or bogs. Anything which radiates is a parameter which, in most cases, varies cona significant amount of heat to the surface can siderably in each application. thaw it with similar results and, in addition, will
Since the air temperature directly affects drastically affect its load-carrying ability.
the density of the air entering the gas turbine, it has a direct effect on the power output. Also, HOW DO ARCTIC CONDITIONS IMPACT ON THE APPLICATION the compressor work is a function of the inlet OF THE GAS TURBINE AND ITS SUBSEQUENT OPERATION? air temperature, and, with constant firing temperature, the turbine pressure ratio and output The various characteristics and parts of the go up with decreasing ambient temperature because gas turbine that are affected by conditions pecuof the increased airflow. The net effect of deliar to the arctic will be examined and the neces-creasing compressor inlet-air temperature is to sary changes in design (if any) to permit success-increase power output approximately 1/2 percent ful operation will be discussed. A number of years for each 1 F decrease in air temperature. Fig. 2 of successful operating experience have been shows the typical effect of compressor inlet temachieved in various parts of Alaska in both baseperature on maximum output and airflow of a given load and peaking service. These include electric-gas turbine. power generation and process-drive applications on the Kenai Peninsula, in Anchorage and in the City MACHINE OUTPUT of Fairbanks.
There are some limits on obtaining increas-FACTORS AFFECTING PERFORMANCE ing output from the gas turbine with reduced inlet temperature. One which puts a limit on outThere are five principal thermodynamic varia-put at very low (arctic type) temperatures is bles affecting gas turbine performance. These are compressor pulsation. Refer once again to Fig. pressure ratio, compressor and turbine inlet tem-2. As inlet temperature is lowered, the inlet perature and compressor and turbine efficiencies.
air density increases and the pounds per hour of Environmental factors, which affect these variables airflow through the machine goes up. As this will, as a result, also affect the gas turbine per-occurs, the turbine inlet temperature is frequentformance. Since at any given speed the axial-flow ly held constant to get maximum output from the compressor is a constant volume machine, any envi-cycle. Since the turbine first-stage nozzle is ronmental factor which affects weight flow will have a fixed area, the only way the increased airflow a direct, proportional effect on output.
can be handled is for the turbine inlet pressure
to rise which means an increased pressure ratio across the compressor. Every axial-flow compressor has some pressure ratio at which the blades will stall aerodynamically and the compressor will go into a phenomena known as pulsation. Since this results in rapid changes in airflow which can overheat and mechanically fail compressor blades, it is necessary to avoid this condition. Fig. 3 shows the increase in output with decreasing temperature plotted on the same curve with compressor pressure ratio for a typical gas turbine. As can be seen for the particular example, the compressor will go into pulsation at about -24 F unless firing temperature is reduced to reduce turbine inlet temperature and, as a result, turbine inlet pressure and output. Typical machines will have limits well below 0 F, and the two-shaft units with variable area nozzles are not limited by pulsation until much lower temperatures.
Other possible limits on output at a low temperature are the mechanical characteristics of the output stub shaft, couplings, connected load equipment, and fuel pumps. The limitations imposed by the generator (in generation applications) will be discussed later under generator characteristics. Since the majority of gas turbine applications are in areas where extreme low-temperature capability is never used, the load gears for generator-drive applications are normally designed to carry as much as the gas turbine will develop at around 0 F. The load gear is often a limit, because its load-carrying capability is virtually unaffected by low ambient temperatures, and so no increase in capability results as ambient temperatures go down. This means that operation at maximum gas turbine capabilities at lower temperatures may exceed the normally designed load-gear capability. Of course, where special gears are being ordered for low-ambient applications, the gear capability can be specified at whatever value is economical for the application, but this question should be examined in detail in each case.
Output stub shafts and couplings are items whichxe designed to carry substantially more load than the connected equipment. Most power-generation applications become limited by the gear or very low temperatures, and, in many cases, mechanical-drive applications cannot absorb the extra capability. However, if a system is designed to utilize the very low-temperature capability of the gas turbine, it is possible that the stub shaft or coupling may become limiting. This general kind of situation may also exist with fuel pumps which are sized for fuelflow requirements in the more typical applications. These components should be examined on each specific application where there is intent to use the maximum gas turbine capability at temperatures of -20 F and below.
INLET ICING
Experience with over 1500 heavy-duty gas turbines installed around the world, shows, in general, that icing in the inlet has not been a problem. Naturally, many of these are in climates where temperatures do not get low enough to form ice, but we do have many units installed in the United States in areas close to the southern Canadian border and in the midwestern states. Even in situations where winter ambient conditions typically produce ice and snow, only in rare instances has icing seemed to be affecting machine operation. In no known case has there been a problem with compressor or other machine damage from ice ingestion. The industrial-design axial-flow compressor is typically considered by the author to be more rugged than its aircraft derivative counterpart and better able to withstand a few bumps and knocks from ice chunks that may be ingested.
The observable affects of inlet icing have been confined to the restriction of inlet airflow and subsequent reduction in power output. In these cases, there have been some isolated instances recorded in the lower 49 states, but most cases have occurred in installations in Alaska which is, in fact, the only place where the author has found it enough of a problem to recommend installation of inlet anti-icing equipment.
As mentioned before, there is a greater probability of the inlet air containing sub-cooled moisture in arctic installations than in those in more southerly portions of the continent. Moisture in the air, which has converted to snow or ice particles, can be handled by the gas turbine with no noticeable effect. However, air containing large quantities of sub-cooled moisture may precipitate this on metal parts, such as inlet silencers, screens, struts, etc., which will serve to nucleate the formation of ice crystals. A major buildup in these areas could choke oft' inlet airflow with consequent loss in gas turbine capability.
The inlet system will be examined in more detail to determine where and why icing might occur and what can be done to prevent it. Fig.  4 shows a typical inlet system. Air may enter either through an open elbow (generally directed upward) or through an inlet house with some form of weather louvers (to reduce rain water carried into the unit). There is generally a silencer section followed by a trash screen to keep out birds and other large objects. Air then flows into the inlet plenum and enters the compressor through the inlet bellmouth.
VELOCITY-TEMPERATURE EFFECTS
The velocity of the inlet air generally increases as it passes through the inlet system and finally reaches a velocity of 568 fps in a typical compressor inlet. This increase in veloc ity results in a reduction of the free stream air temperature as shown in Fig. 5 . Thus, air entering the inlet system at or slightly above 32 F would have its free stream temperature reduced below freezing, and this could produce precipitation of water from the vapor form. This condensed water or any water droplets, such as rain in the entering air, could freeze and produce entrained ice particles.
It is unlikely, however, that the reduction in inlet air free stream temperature would produce ice which would adhere to the inner surfaces of the ducts. The air in the boundary layer immediately adjacent to any stationary surface has slowed to almost zero velocity and is restored to almost its initial static temperature. A recovery factor of about 0.9 is common. (Myron Tribus 2 gives values of 0.92 for turbulent and 0.85 for laminar boundary layers.) Referring again to Fig. 5 , it can be seen that surface temperatures will never be more than a degree or two below the temperature of the ambient air entering the inlet house. It is conceivable that conditions could be just right for this small temperature drop to produce icing, but it is very unlikely that even if it did occur, the conditions would persist long enough to produce significant icing in the inlet system.
TRASH SCREEN
Experience with a number of machines in and around Anchorage, Alaska, using the upturned open inlet elbow, has shown that the trash screen is generally the first place where ice will form in the inlet system. This location has been the most troublesome in our experience. Gas turbine users occasionally experience icing on walls and other locations. This has generally not resulted in an.operating problem. However, icing of the crash screen will quickly close off the flow path and result in a reduction in power output. Fig.   6 shows how ice was reported to have built up during icing conditions on a unit near Anchorage. This buildup occurred while operating at sub-zero conditions with the direct mixing inlet heating system in operation. (The limitations of the system which produced that condition will be discussed later.) The buildup around the edges is probably explained by the lower air temperature in these regions due to less than complete mixing coupled with the screen being colder around the edges due to heat conduction to the outside of the duct. The reason for the bar of ice across the upper portion of the screen is not clearly understood, although it may be associated with the mixing pattern between the inlet air and the exhaust air used for heating.
As mentioned earlier, the temperature drop in the inlet air as it flows into the machine is a relatively minor (if not completely negligible) effect on the icing phenomena. Rather, it appears the problem results primarily from one or more of the following phenomena:
1 Ambient air temperature must be below 32 F 2 Subcooled water droplets in the air which freeze on contact with a solid surface which, in turn, nucleates the freezing process.
3 Subcooled vapor (due to lack of condensation nuclei in the clean arctic air). While machines are generally designed with attention to preventing ingestion of the exhaust gas in the inlet, there is always some small amount which could produce condensation nuclei and precipitate condensation of subcooled vapor. These droplets then freeze in the air stream or on contact with cold duct walls or obstructions.
Myron Tribus has described 3 the development of mathematical expressions describing the trajectories of water around obstructions in an air stream. Sufficient data is not yet available to define what size of obstruction would be unlikely to ice up under the circumstances when known units have experienced icing. However, the mathematics indicate that small diameter obstructions, such as a screen wire, would be more susceptible to ice buildup than a large diameter piece, such as a strut or the silencer baffles. For a given 3 See Ibid.; also Langmuir, Irving and Blod gett, Katherine, "A Mathematical Investigation of Water Droplet Trajectory." Fig. 7 Offset inlet trash screen water drop size, there is a maximum size cylinder on which ice will form. Predictions have generally been borne out by experiments at the Mt. Washington New Hampshire Observatory and, in a very crude sense, actual gas turbine experience seems to be consistent with this prediction.
This all leads up to the fact that the trash screen seems to be highly susceptible to icing, and something ought to be done about it. One possibility is to get rid of it. However, experience also indicates that it occasionally catches birds and other objects which could plug a portion of the compressor inlet if they lodged on the inlet guide vanes. The resulting unsymmetrical flow into the remaining compressor blades could possibly produce undesirable stimuli, and so it seems best to avoid it.
An alternate approach is shown in Fig. 7 , a design (patent application filed) 4 put in service near Anchorage, Alaska, in the winter of 1971-1972. Experience so far has been satisfactory, although we are not yet certain we have experienced icing conditions to produce icing on the screen. Under normal conditions, the flow would be normal to and through the two offset screens. Any large objects would be caught and held on the screen by the small pressure drop across it. In the event it did plug up (from ice or any other cause), air could still flow around the ends with a somewhat higher total pressure drop across the screen. Under those conditions, it would be temporarily ineffective as a screen, but the higher pressure drop would indicate some remedial action was in order when a convenient opportunity presented itself. Reducing the probability of icing on thè Patent Application, Docket No. 51GA-2089, Mike Manna. trash screen gets at one of the more troublesome areas. However, for gas turbines in regions with known severe icing problems, a more all inclusive form of inlet anti-icing system is indicated. For such installations, two designs of inlet anti-icing equipment have been offered. Both make use of the excess energy available in the exhaust gases. Fig. 8 shows schematically a system frequently used with machines fired with natural gas. In that arrangement, the amount of exhaust gas necessary for required inlet heating is brought through a recirculation duct to the inlet and injected directly into the air stream just ahead of the silencers where it mixes with the inlet air. Fig. 9 is a photograph of a typical installation showing the recirculation duct running from the bottom of the exhaust plenum on the right to the inlet duct on the left side of the picture. The damper-valve operator can be seen on top of the round portion of the duct just before it passes into the bottom of the in- For situations where some form of liquid fuel is burned, there is a possibility of compressor fouling resulting from occasional unburned portions of the fuel being injected directly into the inlet air stream. Fig. 10 shows schematically a system which also uses exhaust gases for inlet air heating but keeps them separate by means of a heat exchanger. This heat exchanger is located physically in the normal inlet duct, and recirculated exhaust gas is piped to it. After leaving the heat exchanger, this recirculated gas is sent to atmosphere through a secondary exhaust stack. In order to get sufficient exhaust gas in this system to accomplish the required inlet heating, a throttle valve is also needed in the exhaust stack. This is never closed completely, but can be closed partially, forcing additional recirculation flow to the heat exchanger when high inlet temperature rises are required. Fig. 11 is a photograph of a typical installation of that type. The inlet house is in the center foreground with the normal exhaust stack on the right and the recirculation flow stack on the left. The main-stack throttle-valve operator can be seen on the side of the stack just at the base of the round portion. This is an indoor installation of the gas turbine located in the building behind the stacks.
The mixing system is to be preferred in those installations burning gas because of its relative simplicity and lower cost. However, there is a difference in its operating characteristics which must be understood to operate it successfully. Fig. 12 is a simplified psychrometric chart with some typical mixing lines inincluded. The solid curve labeled saturated air-H 2 0 mixture is simply the 100 percent relative humidity curve from a psychrometric chart. The various dashed and dotted curves are state points of the air-exhaust gas mixtures resulting from mixing the exhaust gas with inlet air. Because one of the principal products of combustion is water, the exhaust gas adds water to the inlet air in the mixing process. Let us examine what happens, starting with ambient air with 100 percent relative humidity at -40 F. As we add sufficient exhaust gas to raise the temperature of the mixture to, say, -20 F we also add some water. Examination of Fig. 12 reveals that the amount of water is more than the air can hold in equilibrium at this temperature. Some water is available to precipitate out and form supercooled water or ice if the heating process is stopped. If more exhaust gas is added until the mixture temperature is above 22 F. we have crossed the saturation line and the mixture has a relative humidity of less than 100 percent; there will be no tendency for water to precipitate out. Similar conditions prevail for ambient temperatures below about -4 F. So far, the discussion has been about starting with ambient air having 100 percent relative humidity. However, at termperatures below 0 F, the amount of water in the air, even at 100 percent relative humidity, is so small that starting with lower relative humidities would have very little effect on the mixing process. This characteristic of the mixing system might at first seem to be a limitation. However, it is only necessar7 to recognize it exists to operate the system successfully. As long as there is sufficient recirculation flow to heat the mixture above the saturation point -or 32 F (no freezing above this), the system will operate satisfactorily. Allowance must be made for somewhat less than perfect mixing effectiveness. Since it is generally desirable to keep inlet and exhaust pressure drops as low as possible, there could be insufficient pressure difference between exhaust and inlet to drive enough exhaust gas into the inlet at very low ambient conditions (below 0 F). In fact, this condition has been recognized on several installations operating in Alaska. While operating at temperatures well below zero with the direct mixing anti-icing system in operation, the trash screen icing described earlier was observed.
Two alternatives are available to overcome this problem. First, a damper in the exhaust stack can be partially closed to increas the exhaust pressure and force sufficient exhaust gas into the inlet to raise the mixture temperature above freezing from any anticipated ambient condition. One operator is experimenting with a simpler alternative. He will simply shut off the anti-icing system when the ambient temperature drops below 0 F.
The amount of moisture in the air is very small at temperatures below zero. Aircraft jet engines typically fly through air conditions comparable with arctic conditions and icing is normally encountered only between temperatures of 0 and +32 F. Aircraft engine qualification tests for the anti-icing systems are conducted at temperatures in this range. We do not know of any cases where inlet icing has been a problem at these low temperatures (except under the conditions described earlier), and we believe this to be the most satisfactory way to operate the unit. Besides being the simplest arrangement from a hardware standpoint, it has the further advantage of running with the lowest possible inlet air temperature yielding higher unit capability if needed.
The simplest and least expensive is, therefore, the direct mixing of exhaust gas with inlet air suitable for use on gas fuel installations. Where liquid fuel is burned, compressor fouling might result, and a heating system using a heat exchanger in the inlet air stream is recommended.
•ANTI-ICING SYSTEM CONTROLS The anti-icing system provides heating for the inlet air where icing conditions are present; for example, by maintaining a +40 F inlet tempera ture no ice can form. A second function of the system is to maintain a lower limit on inlet air temperature to avoid compressor surge as previously discussed in the section on "Machine Output." Fig. 13 , a schematic diagram of a control system, illustrates the concept employing a heat exchanger between the exhaust gas and the inlet air. The inlet air is heated by forcing exhaust gases through the heat exchanger by first opening the inlet damper and then closing the bypass damper until the desired inlet air temperature is achieved. Air temperature is sensed by several thermocouples in the inlet duct to the machine and relative humidity is sensed in the ambient airflow into the inlet house. In a typical system, the control modulates the damper valves to maintain an inlet air temperature of -15 F when ambient air temperatures are below this valve, and, for ambient air temperatures above -15 F, the inlet air is not heated unless the relative humidity of the ambient air is above 85 percent. At any ambient air temperature if the RH exceeds 85 percent, the control system maintains a +40 F inlet air temperature to avoid icing conditions. In addition, an excessive pressure drop across the screen will override the inlet air temperature control and will call for increased heating of the inlet air to alleviate the icing condition on the screen.
A block diagram of a typical control is presented, Fig. 14 . The inlet air temperature, I, is compared with the setpoint S 1 or S 2 by the controller which also provides proportional gain and integration of the error signal, E, to produce damper position command, C. This position command results in a damper (inlet and bypass) position by means of the position modulator and damper motors. Position feedback is employed around these components to provide damper position proportional to the command signal, C. The position modulator and relay logic block utilizes deadband, as shown schematically, to avoid continual on-off operation of the damper motors for small values of the input signal, C, and thereby providing longer life of the components. Thus, when C -F is less than the deadband value, the motors will be deenergized. The setpoint for the typical control loop is S2 when the RH is below 85 percent, and, in this condition, the control will maintain a minimum inlet temperature of -15 F. When the RH is above 85 percent, the setpoint becomes S 1 or +40 F. The setpoint switching is controlled by a relay that picks up when the RH exceeds 85 percent. Much effort has been devoted to finding a reliable humidity sensor. To date, no satisfactorily reliable unit has been found. We have been working with several suppliers and have an active test program running in the winter time on Whiteface Mountain in northern New York State at the atmospheric Science Research Center Weather Station. Fig. 15 shows a comparison of one manufacturer's instruments with weather station readings. The data does not point toward clearly defined conclusions, but the following trends seem to be evident: Fig. 16 Lube oil cooling system MATERIAL CHARACTERISTICS Abnormally low temperatures have significant effects on both metallic and organic materials. While many materials in a gas turbine are affected, two of most concern are the rotating metallic parts and the lubricating oil. The measures taken to deal with these are adequate to satisfy other affected parts, such as hoses, gaskets, insulation, etc.
The materials used for turbine rotors, which are highly stressed in operation, undergo a significant decrease in ductility as temperatures go down to sub-zero values. It is necessary to use the most modern techniques available to detect and eliminate flaws, and design stress levels are such that we expect our rotors will run safely at temperatures well below those expected in any arctic environment. In addition, our turbine wheels, which are the most highly stressed parts, are pretested (after being cooled to -50 F) in a spin pit at speeds sufficient to produce slight yielding at the bore.
Lubricating oils satisfactory for gas turbine service become quite stiff when cooled to sub-zero temperatures. Therefore, the oil tank and oil systems should be hated to at least 50 F before attempting to start, so that the lubricating oil will flow and be immediately available to bearings and other locations where needed as soon as the machine starts to rotate.
To achieve the foregoing objectives, an external source of heat is needed to keep the unit above minimum recommended temperatures whenever the engine is shut down. Both indoor and packaged outdoor installations are available and have been used in low-temperature installations. Indoor units usually have building heating supplied by the owner. Outdoor packaged units usually have insulation in the packaging walls and are frequently supplied with thermostatically controlled electric heaters.
The lubricating oil system can present an additional problem both during operation and while shut down. Since heat is released to the oil system in the bearings, gears, etc., it must be cooled. The most direct approach is by direct oil-to-air cooling. However, oil coolers are necessarily exposed to the ambient air, and, at very low temperatures, the oil can be over-cooled (either in operation or when shut down), resulting in flow blockage, and so some form of airflow restriction is required. This is typically done with adjustable louvers, which have generally been troublesome in low temperature operation: Being exposed to the elements, they are very prone to icing up.
These problems can be avoided by using a two-fluid heat-transfer system. The oil is cooled by oil-to-water coolers contained right in the oil tank where-they can be kept warm on shutdown, and the water flow can be restricted as required in operation. The water (with sufficient glycol to prevent freezing) is then circulated to external water-to-air coolers where the heat is rejected to the atmosphere. Temperature control is obtained simply by controlling the water flow. Fig. 16 shows a simplified schematic drawing for such a lubricating-oil cooling system.
GENERATOR CHARACTERISTICS
In generator-drive applications, it would be nice if the generator capability would increase with declining temperature in the same manner that the gas turbine does. Unfortunately, this is only partially the case. The principal characteristic which limits the output of any given design generator is removing the resistanceheating losses in the windings and in the core. Where this heat is removed from the generator by air cooling, the ability to remove this heat and keep the winding and core insulation below safe-operating temperatures also increases as the ambient temperature goes down.
As mentioned earlier, the gas turbine capability goes up with declining temperature. At constant voltage, the generator losses go up, as the square of the increase in output and increased cooling capability results from increase in temperature difference between the maximum safe insulation temperatures and the ambient air temperature. The net effect is that the generator capability does not increase quite as fast as the gas turbine capability.
There is an additional generator limitation which varies with design. Asphalt mica insulation systems, which are used in some generators, become stiff at very low temperatures, and so some of the generator cooling air at low ambient temperatures can be recirculated to keep the cooling air inlet temperature above 0 F. Micapal 5 insulation used in other generators has better lowtemperature capability, and, on such units, there is no restriction on cooling-air inlet temperature.
The forged-steel generator rotors are highly stressed at operating and normal overspeeds, and so the same concern about decrease in ductility exists as with the turbine rotors. To avoid brittle fracture, we believe it is necessary to use the most advanced casting and forging processes, and non-destructive testing techniques available. Having done this, it is reasonable for us to expect our rotors to go to normal operating and overspeeds at any ambient temperatures with5Micapal --registered trade name. out concern about failure.
SUMMARY
Satisfactory operation of gas turbines in arctic regions does require certain environmental influences be recognized and design modifications made to compensate for them.
The specific phenomena that are peculiar to arctic type regions are increased machine capability, inlet icing, and low-temperature effects on organic and metallic materials.
Many gas turbines have been applied in these type environments, and out of this experience has developed knowledge about how to cope with these various situations. The accumulation of experience so far indicates that there are available design approaches which permit reliable operation in arctic type locations and make this a very satisfactory type of thermodynamic cycle for both electrical power generation and mechanical drive applications.
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